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ABSTRACT

The effect of i.-phenylalanine mustard (L-PAM) on heterogeneous cell
populations containing sensitive and resistant cells was evaluated by flow
cytometric analysis of DNA damage. Cell cultures were treated with L-
PAM for 1 h, fixed, and stained with anti-DNA monoclonal antibody
which detects DNA damage induced by alkylating agents. DNA damage
was significantly lower in sensitive A2780 cells cocultured with resistant
A549 or A2780/PAM cells than in A2780 cells grown separately. De
crease of DNA damage in sensitive cells did not occur when sensitive and
resistant cells were grown in common medium without direct contact.
Transfer of drug resistance in cocultures was prevented by phorbol ester
which is known to inhibit metabolic cooperation via cell junctions. Treat
ment of cocultures with buthionine sulfoximine increased DNA damage
in resistant cells and prevented decrease of DNA damage in sensitive
cells. Glutathione (GSH) content in A2780 cells cocultured with A549
cells was significantly higher than GSH content in A2780 cells grown
separately. \V'e conclude that decreased response of sensitive cells in

cocultures was induced by contact transfer of GSil from GSH-rich
resistant cells to sensitive cells.

Intercellular transfer of drug resistance demonstrated by analysis of
DNA damage was confirmed by colony formation assay. Treatment with
L-PAM and Adriamycin killed all cells in A2780/MDR and A549
cultures. Coculture of these lines survived combination treatment because
transfer of GSH to multidrug-resistant cells from GSH-rich A549 cells
induced resistance to L-PAM and Adriamycin in a single cell. The
presence of 2% A549 cells increased resistance of A2780/MDR cells to
L-PAM. Phorbol ester eliminated resistance of coculture to combination
treatment.

Metabolic cooperation between cell subsets with different mechanisms
of drug resistance induced resistance to treatment with drugs of different
classes (multiclass drug resistance). Inhibition of cell cooperation may
improve the response of tumors to combination chemotherapy.

INTRODUCTION

Insight into the development of drug resistance might be
gained by the analysis of drug effects on heterogeneous popu
lations containing sensitive and resistant cells. The measure
ment of drug-induced damage in individual cells may be a
necessary component of such studies.

In previous reports the FCM1 method for the measurement

of DNA damage was described (1. 2). The method is based on
the binding of anti-DNA MOAB to single-stranded regions in
alkylated DNA. Alkylation of guanines decreases the stability
of the DNA molecule and increases the access of MOAB F7-
26 to deoxycytidines on the opposite DNA strand (2). DNA
damage, characterized by fluorescence intensity of MOAB F7-
26 bound to DNA, was proportional to cell killing measured
by the inhibition of colony formation (1, 3). Thus, staining with
MOAB F7-26 provided a cellular marker for the cytotoxicity
of alkylating agents.
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The goal of initial studies was to grow sensitive and resistant
cells in the same culture and to study the effect of drugs on
mixed cell populations. The unexpected observation in these
experiments was significantly lower DNA damage in sensitive
cells cocultured with resistant cells than in sensitive cells grown
separately. These data indicated that drug resistance can be
transferred from resistant to sensitive cells.

In this study the transfer of drug resistance between cells was
investigated by FCM analysis of DNA damage in coculture of
cells sensitive and resistant to L-PAM. Role of direct cell
contacts for the transfer of resistance and the effect of GSH
depletion on DNA damage in cocultures of sensitive and resist
ant cells were studied. GSH content in sensitive cells cocultured
with resistant cells and in sensitive cells grown separately was
compared. Data demonstrating that transfer of drug resistance
can be interrupted by the inhibition of cell junctions are also
presented.

Intercellular transfer of drug resistance demonstrated by
FCM analysis of DNA damage was confirmed by measurements
of cell survival using the colony formation assay. The most
interesting observation was the induction of resistance to L-
PAM in the cells with a multidrug-resistant phenotype as a
result of metabolic cooperation with GSH-rich A549 cells.

We conclude that direct cell to cell transfer of GSH is
responsible for decreased DNA damage in sensitive cells cocul
tured with resistant cells. Since detoxification of xenobiotics by
GSH is a major mechanism of drug resistance, intercellular
transfer of GSH may affect the response of tumors to numerous
chemotherapeutic agents. Inhibition of metabolic cooperation
between cell subsets with different mechanisms of drug resist
ance may increase the sensitivity of tumors to combination
treatment.

MATERIALS AND METHODS

Cell Culture. Human ovarian carcinoma cell line A2780 sensitive to
L-PAM, its subline A2780/PAM with acquired resistance (4), and
human lung carcinoma cell line AS49 with natural resistance to alkyl
ating agents (5) were used. The A2780/MDR cell line was developed
by continuous exposure to Adriamycin. The multidrug-resistant phe
notype of A2780/MDR cells was demonstrated by staining with MOAB
C219 (6) and by FCM analysis of daunomycin uptake (7). All cell lines
were maintained as monolayer cultures in OptiMEM medium supple
mented with 5% fetal bovine serum (GIBCO, Grand Island, NY). Cell
cultures were dissociated with 0.1% trypsin-0.2% EDTA and subcul-
tured twice weekly. For experiments 1.5 x 10' cells were plated into
75-cm2 culture flasks with 30 ml complete medium and allowed to grow
for 45-48 h.

Cocultures of sensitive and resistant cell lines were obtained by
plating suspensions containing 0.75 x IO6 cells of each cell line. In

some experiments the proportion of resistant cells in cocultures was
decreased. To obtain cocultures of two cell lines grown in common
medium without direct cell contact, cell lines were plated in different
parts of the flask in 1 ml of complete medium, allowed to attach for 5
h at 37Â°C,rinsed to remove unattached cells, and grown in 30 ml of

complete medium. The colony formation assay was carried out as
previously described (1,3).

Drug Treatments. L-PAM (supplied by the Division of Cancer Treat
ment, National Cancer Institute) and Adriamycin were added to cell
cultures for 1 h. Control and drug-treated cultures were rinsed with
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complete medium, dissociated with trypsin-EDTA, and used for FCM
analysis and colony formation assay. Where indicated, cell cultures
were treated with 0.25 m,M BSO or with 10 n\t TPA for 24 h before
addition of L-PAM. Adriamycin, TPA. and BSO were purchased from
Sigma Chemical Co. (St. Louis. MO).

Flow Cytomctry. Cell suspensions were fixed, stained with MOAB
F7-26, and analyzed on a flow cytometer as described previously (1-3).
Briefly, cells were fixed in 85% methanol for 18-24 h and stained with
MOAB F7-26 and fluorescein-conjugated anti-mouse IgM. For double-
parameter analysis cells were counterstained with DNA fluorochrome
propidium iodide. Immunofluorescence intensity was measured on a
flow cytometer FACScan (Becton Dickinson. Sunnyvale, CA). Green
fluorescence of fluorescein-labeled antibody and red fluorescence of
propidium iodide were measured for 10,000 cells and recorded in the
list mode. Gates were set on forward light scatter to eliminate debris
and cell clumps.

Samples were stained in duplicate and for each cell suspension two
histograms were generated on a flow cytometer. From these histograms
mean fluorescence intensity was determined as a mean channel number
using computer Consort 30 interfaced with FACScan. The mean fluo
rescence expressed as a channel number was used to characterize the
binding of MOAB to DNA.

FCM measurements of GSH content were performed after staining
of cell suspensions with 20 /IM monochlorobimane for 30 min (8).
Fluorescence intensity was measured on the EPICS V flow cytometer
using UV excitation and 100 m\V light output.

RESULTS

FCM of Heterogeneous Populations. Dual parameter FCM
was used to measure DNA damage in heterogeneous popula
tions containing sensitive and resistant cells. Green immunoflu-
orescence of DNA-bound MOAB was measured to characterize
DNA damage, and red fluorescence of propidium iodide was
used to separate cells on the basis of DNA content. Most
experiments were performed with coculture of diploid A2780
cells and aneuploid A549 cells (DNA index, 1.4). Such a
difference in DNA content was sufficient for the separation
between two cell types by their position on the horizontal axis
(Fig. 1). Immunofluorescence was displayed on the vertical axis
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Fig. 1. Immunofluorescence of A2780 and A549 cells treated with 16 /jg/ml

L-PAM for l h and stained with MOAB F7-26. (A) A2780 and A549 cultures
treated with L-PAM and mixed before staining. (B) A2780 and A549 cells
cocultured for 2 days before addition of L-PAM. (O Same as B but cocullure
contained 90% A2780 and 10% A549 cells. (O) Same as B with 10 n\t TPA
added 24 h before L-PAM.

using a logarithmic scale and could be measured separately for
the cells with different DNA content. Linear relationship be
tween immunofluorescence intensity and the decrease in cell
viability (log cell kill) was established previously (1, 3). There
fore, fluorescence intensity was used as an indicator of cell
sensitivity to the drug.

DNA Damage in Sensitive Cells Cocultured with Resistant
Cells. DNA damage induced by L-PAM was compared in
A2780 cells grown separately and cocultured with resistant
A549 or A2780/PAM cells. Degree of resistance was charac
terized by the inhibition of colony formation. The dose decreas
ing cell survival by 1 log after l h exposure to the drug was
0.64 Mg/ml L-PAM for A2780 cells, 7.5 Mg/ml L-PAM for
A549 cells, and 4.26 ng/m\ L-PAM for A2780/PAM cells.
Thus, A549 cells were 12 times more resistant and A2780/
PAM cells were 7 times more resistant to L-PAM than A2780
cells.
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Fig. 2. DNA damage induced by L-PAM in A2780 cells grown separately
( ) or cocultured with A549 cells ( ). Immunofluorescence distributions
of A2780 cells in G, phase were obtained by gating for DNA content of contourplots presented in Fig. I. A, B, (', treatment with 8. 12. or 16 jig/ml L-PAM for

1 h. respectively. Note that the presence of resistant cells in coculture decreased
the fluorescence intensity of sensitive A2780 cells.
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Fig. 3. Immunofluorescence of A2780 and A2780/PAM cultures treated with

12 ^g/ml L-PAM for l h and stained with MOAB F7-26. (A) A2780 and A2780/
PAM cells treated with L-PAM and mixed before staining. (B) A2780 and
A2780/PAM cells cocultured for 2 days before addition of L-PAM. (C) Same as
B with 0.25 mM BSO added 24 h before L-PAM. (D) A2780 cells growth
separately and treated with L-PAM.

A2780 and A549 cell cultures were treated with L-PAM for
1 h, fixed, mixed in equal proportion, and stained with MOAB
F7-26. Two-parameter contour plots demonstrated signifi
cantly higher immunofluorescence in sensitive diploid A2780
cells than in resistant aneuploid A549 cells (Fig. IA). However,
when A2780 and A549 cells were cocultured for 2 days, treated
with L-PAM for 1 h, and stained with MOAB F7-26, immu
nofluorescence in A2780 cells was similar to immunofluores
cence in resistant cells and much lower than the immunofluo
rescence in A2780 cells grown separately (Figs. \B and 2).

A2780 and A2780/PAM cells treated with L-PAM as sepa
rate cultures were clearly distinguished by significant difference
in immunofluorescence (Fig. 3/1). In cocultures of these two
lines the cells with a high degree of DNA damage characteristic
for A2780 cells grown separately were not detected (Figs. 3Ã„,
3D, and 4/4).

Role of Direct Cell Contacts. A decreased response of sensitive
cells grown together with resistant cells may be induced by
exchange of compounds which inhibit the effect of the drug.
Such exchange could occur via common extracellular medium
or by direct cell to cell transfer through cell junctions (9, 10).
Several observations indicated that direct cell contact was nec
essary for intercellular transfer of drug resistance. A2780 and
A549 were grown in separate parts of the flask, so that cell
lines have common media, but no direct cell contact, and were
treated with 12 ng/m\ L-PAM for 1 h. Fluorescence intensity
was 245 channels in A2780 cells grown separately, 94 channels
in A2780 cells cocultured with A549 cells, and 229 channels in
A2780 cells grown in a different part of the flask than A549
cells. Thus, the presence of resistant cells did not decrease L-
PAM-induced DNA damage in sensitive cells, when these cells
had no direct contact.

Treatment of cocultures with 10 nM TPA for 24 h prevented
decrease of DNA damage in sensitive A2780 cells induced by
the presence of resistant A549 cells or A2780/PAM cells (Fig.
l/>, Table 1). Incubation with TPA had no effect on L-PAM-
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Fig. 4. DNA damage induced by treatment with 12 Â«jg/mlL-PAM for 1 h in

A2780 and A2780/PAM cultures. (A) Immunofluorescence distributions in
A2780 and A2780/PAM cells grown separately and mixed before staining
( ) or cocultured for 2 days ( ). (B) Immunofluorescence distributions in
cocultures treated with L-PAM ( ) or pretrealed with 0.25 mM BSO before
addition of L-PAM ( ).

Table 1 Effect of TPA on L-PAM-induced DNA damage in cultures of sensitive
and resistant cells

A2780 and A2780/PAM cells grown separately or cocultured for 2 days were
treated with 12 Mg/ml L-PAM for 1 h and stained with MOAB F7-26. TPA (10
nM) was added 24 h before L-PAM. Fluorescence of untreated cells was 20 Â±2
channels.

Mean fluorescence (Channel no.)

CellcultureA2780

A2780/PAM
CocultureL-PAM245

Â±14
67 Â±5
87 Â±6TPA

andL-PAM252

Â±11
53 Â±4

166 Â±8
' Mean Â±SE.

induced DNA damage in A2780 cells cultured separately. Since
TPA at nanomolar concentrations was shown to inhibit cell
communications through gap junctions (11, 12), the effects of
TPA on immunofluorescence in cocultures of sensitive and
resistant cells support the contact mechanism of resistance
transfer.

In the presence of 10% resistant cells the response of sensitive
cells to L-PAM was heterogeneous. Minimal immunofluores
cence of sensitive cells in these cultures was similar to that
observed in cocultures which contained 50% of resistant cells,
but maximal fluorescence was intermediate between that of
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sensitive cells cultured separately and sensitive cells grown with
high proportion of resistant cells (Fig. 1C). The heterogeneous
response of sensitive cells in the presence of small number of
resistant cells may be explained by maximal effects on sensitive
cells which are in direct contact with resistant cells ("primary
recipients" of resistance) and by the intermediate level of de

crease in sensitive cells which are in contact with primary
recipients (see "Discussion").

Intercellular Transfer of GSH. Incubation of A2780/A549
cocultures with BSO increased immunofluorescence in resistant
cells and restored immunofluorescence in sensitive cells to a
level observed in these cells cultured separately (Fig. 5). Treat
ment with BSO also significantly increased DNA damage in
cocultures of A2780 and A2780/PAM cells (Figs. 3C and 4B).
Since BSO-induced GSH depletion in GSH-rich A549 and
A2780/PAM cell lines increases DNA damage and sensitivity
to alkylating agents and X-rays (1, 3, 5, 13-15), the inhibition
of resistance transfer by BSO in cocultures could be explained
by prevention of GSH transfer to A2780 cells.

This conclusion was supported by FCM measurements of
GSH content (Fig. 6). GSH fluorescence was significantly lower
in A2780 than in A549 cells in agreement with biochemical
data (13, 14). GSH distribution in cocultures of A2780 and
A549 cells was similar to GSH distribution in A549 cultures.
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Fig. 5. Effect of BSO on DNA damage in A2780 cells cocultured with A549

cells. Immunofluorescence distributions of A2780 cells in G, phase from cocul
tures treated with L-PAM ( ) or cocultures pretreated with 0.25 mvi BSO for
24 h before addition of L-PAM ( ). (A) 8 ng/ml L-PAM. (B) 12 ng/ml L-
PAM.

FLUORESCENCE
Fig. 6. FCM distributions of GSH content in A2780 and A549 cells grown

separately or cocultured for 2 days. Note that in cocultures the cells with low
GSH content characteristic for A2780 cells are practically not detected.

although FCM analysis of DNA ploidy indicated that cocul
tures contained 50% A2780 cells. Thus, A2780 cells cocultured
with A549 cells had significantly higher GSH content than
A2780 cells grown separately.

Effect of Resistance Transfer on Cell Survival. Coculture of
A2780/MDR and A549 cells was used to determine the effect
of resistance transfer on cell survival. Cell line A2780/MDR is
highly resistant to anthracyclines but retained sensitivity to L-
PAM, whereas A549 cells are sensitive anthracyclines and
resistant to L-PAM. Sensitivity to L-PAM of A2780/MDR
cells growth together with A549 cells was determined by colony
formation assay using Adriamycin to eliminate A549 cells.

A2780/MDR cells grown separately or cocultured for 2 days
with A549 cells were treated for l h with 4 ng/m\ Adriamycin
mixed with variable concentrations of L-PAM. Treatment of
A549 culture with 4 Mg/ml Adriamycin killed 100% cells since
no colonies were observed after seeding IO6 cells. Adriamycin

at this dose had no significant effect on viability of A2780/
MDR cells (surviving fraction, 60%).

A2780/MDR cells cocultured with A549 cells were 2.5 times
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more resistant to L-PAM than A2780/MDR cells grown sep
arately. (Fig. 7; Table 2). Such difference in sensitivity resulted
in more than 3 logs higher surviving fraction in cocultures
treated with high dose of L-PAM. After exposure to 5 tig/m\
L-PAM for l h no cells survived in A2780/MDR culture but
almost 1% A2780/MDR cells from drug-treated cocultures
survived (Fig. 7). Although resistance to L-PAM of A2780/
MDR cells in coculture was significantly increased these cells
did not achieve the high degree of GSH-mediated resistance

observed in A549 cells (Table 2).
Treatment of cocultures with 10 nM TPA increased the

sensitivity of A2780/MDR cells toward L-PAM to a level
observed in A2780/MDR cultures, although TPA had no effect
on the sensitivity of A2780/MDR cells grown separately (Fig.
7, Table 2). Thus, TPA eliminated the resistance of coculture
to combination treatment.

To determine the effect of coculture composition on cell
survival, A2780/MDR cells were cocultured with a variable
proportion of A549 cells and treated with L-PAM and Adria-
mycin for 1 h. Maximal protection of A2780/MDR cells against
toxicity of L-PAM was induced by 20% of A549 cells. The
presence of as low as 2% of A549 cells in coculture at the time
of drug treatment significantly increased the resistance of
A2780/MDR cells to L-PAM (Fig. 8).

DISCUSSION

Intercellular transfer of drug resistance in cell cultures was
established by FCM measurements of DNA damage in individ
ual cells. It was observed that DNA damage induced by L-PAM

Coculture

0.000
A 2780 /MDR

L-PAM (ng/ml)
Fig. 7. Effect of L-PAM on viability of A2780/MDR cells grown separately

or cocultured with A549 cells. Cell cultures were treated with 4 Mg/ml Adriamycin
mixed with variable concentrations of L-PAM for l h (O, â€¢¿�)or pretreated with
10 nM TPA for 24 h before addition of drugs (D). The surviving fraction was
calculated as a ratio of plating efficiency after Adriamycin and L-PAM to plating
efficiency after Adriamycin alone. Adriamycin alone killed all A549 cells but had
only a slight effect on the viability of A2780/MDR cells.

Table 2 Effect of L-PAM on survival ofA2780/MDR cells cocultured with A549
cells

A2780/MDR and A549 cells grown separately or cocultured for 2 days were
treated with 1-5 Mg/ml L-PAM (a) or 1-5 Â»ig/mlL-PAM mixed with 4 ^g/ml
Adriamycin (b) for 1 h. TPA (10 nM) and BSO (0.25 mM) were added to cultures
24 h before L-PAM. D,0 (the dose decreasing cell survival by 1 log) was determined
by colony formation assay.

Cell culture 0,o (L-PAM, Mg/ml)

A2780/MDR
A2780/MDR (TPA)
Coculture
Coculture (TPA)
A549
A549 (BSO)

1.0 (a); 0.9 (*)
0.9 (b)
2.25 (b)
0.9 (b)
7.5 (a)
1.4 (a)

100.0

100

A549 CELLS IN COCULTURE (%)
Fig. 8. Survival of cells in coculture of A2780/MDR and A549 cells as a

function of coculture composition. The proportion of A549 cells in coculture at
the time of drug treatment was determined using staining with daunomycin (7).
Cocultures were treated with 4 nn nil Adriamycin and 5 eg/ml L-PAM for 1 h.

in sensitive A2780 cells decreased when cells were cocultured
with resistant cells. Two lines of evidence supported the hy
pothesis that direct cell contact was necessary for resistance
transfer: (a) transfer was not observed when sensitive and
resistant cells were grown in common medium, but without
direct contact; (b) inhibition of intercellular junctions by TPA
prevented transfer of drug resistance.

GSH content in A2780 cells cocultured with A549 cells was
higher than GSH content in A2780 cells grown separately.
GSH depletion in cocultures by BSO restored the response of
sensitive cells to L-PAM. On the basis of these data we conclude
that intercellular transfer of GSH via cell junctions is a probable
mechanism for the decreased response to L-PAM of sensitive
cells cocultured with resistant cells.

Transfer of drug resistance described here may be considered
an expression of a general biological phenomenon, metabolic
cooperation between cells (9, 10). Exchange of molecules be
tween cells through permeable junctions formed at sites of cell
contact received wide attention for its role in cell growth,
differentiation, and carcinogenesis (9, 12). However, the role of
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metabolic cooperation in drug resistance was probably under
estimated although it is known that intercellular transfer of
molecules can rescue a cell from the effect of an otherwise toxic
environment (9, 10).

Transfer of GSH between cells may affect cell sensitivity to
alkylating agents and X-rays. However, cell cooperation may
have more general effect on the reaction to drugs, since it is
known that cells can also exchange nucleotides and enzyme
cofactors (10). Such an exchange may decrease the sensitivity
to antimetabolites by rescuing cells from enzyme inhibition.

The development of drug resistance is usually described by
models assuming independent behavior of sensitive and resist
ant cells (16). Such an approach probably oversimplifies the
real picture, since transfer of resistance may induce a faster
decrease of response than could be expected in the absence of
cell cooperation.

Heterogeneity of response in cocultures induced by a small
subset of resistant cells is in agreement with the observation
that cells can act both as a recipient of molecules from one cell
and as a donor of molecules for another cell ("secondary met
abolic cooperation") (9, 10). Induction of resistance in sensitive

cells by a small number of resistant cells may be explained by
secondary transfer of resistance from sensitive to sensitive cells.
Probably, secondary transfer of molecules may induce "chain
transfer" of drug resistance.

The effect of resistance transfer on the response to combi
nation treatment was demonstrated in a coculture containing
two cell lines with different mechanisms of drug resistance.
Treatment with combination L-PAM and Adriamycin killed all
cells in A2780/MDR and A549 cultures grown separately.
However, coculture of these lines survived combination treat
ment because resistance to L-PAM was transferred to A2780/
MDR cells inducing resistance to two drugs in a single cell.

Thus, intercellular transfer of GSH to multidrug resistant
cells induced resistance to combination treatment with alkyl
ating agent and Adriamycin. Such resistance transfer may be of
practical importance since alkylating agents and anthracyclines
often used in combination. Failure of combination chemother
apy often results from resistance to drugs of different classes
and intercellular transfer of resistance may be an important
mechanism of such mult Â¡classdrug resistance.

Inhibition of cellular communication may improve response
to treatment of tumors containing subsets of resistant cells.
Prevention of resistance transfer from cell to cell by the inter
ruption of cell junctions was demonstrated in this study. Since
a large number of agents have been shown to inhibit metabolic
cooperation (17), a pharmacological approach to prevention of
intercellular transfer of drug resistance may be promising.

In general, the ability of metabolic cooperation to influence
the response of heterogeneous cell population to combination

treatment indicates that solid tumor should be considered as a
community of interacting cell subsets rather than a mixture of
clones which react independently to cytotoxic treatment.
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